Introduction
A dysfunction of the cortico-cerebellar-thalamic-cortical circuit (CCTCC) has been implicated in some of the psychopathological processes occurring in people with schizophrenia. 1 Andreasen's hypothesis of "cognitive dysmetria" suggests a disconnectivity in this circuitry, resulting in language discoordination and thought disorder, key aspects of the cognitive deficits seen in people with schizophrenia. 1 Although a functional disconnectivity of the CCTCC does not necessarily imply a cerebellar deficit as the primary cause for such symptoms, converging evidence suggests cerebellar anomalies are at least associated with schizophrenia. 2, 3 The cerebellum is considered to be mainly involved in motor coordination and motor learning. 4, 5 It is thought to adjust the output of various brain areas involved in movement by evaluating disparities between intention and action, both online and offline. Cerebellar functions are carried out by separate and specific modules, which all have the same circuit archi tecture. 6 Several lines of evidence support an analogous role of the cerebellum in cognitive functions, evaluating and fine-tuning neural processes of "higher" cortical functions. [7] [8] [9] [10] [11] Based on the uniform architecture of the cerebellum, it is plausible that potential cerebellar deficits in people with schizophrenia similarly affect modules involved in both cognitive and motor processes. Studies have suggested that several "neurological soft signs" (NSS) in people with schizophrenia can be attributed to cerebellar dysfunction. 12, 13 Although most patients with schizophrenia do not clearly show gross movement abnormalities, subtle cerebellar motor control deficits can be masked or compensated for by various mechanisms and are therefore likely to be missed in routine clinical examination. Numerous studies have shown that cerebellar deficits lead to subtle impairments in short-term motor learning, whereas overall motor performance, which also involves various other adaptation mechanisms, is often left intact.
14 Therefore, the most sensitive way to observe subtle deficits in cerebellar function is to assess cerebellar plasticity. In the present study this was assessed in treated and untreated men with recent-onset schizophrenia and matched controls using saccade adaptation and eyeblink conditioning. Animal research has demonstrated extensively that changes in cerebellar output underlie both of these forms of shortterm motor learning. Both tasks have previously been studied in various groups of patients. [15] [16] [17] [18] Saccade adaptation describes the gradual modification of reflexive target-directed saccades by displacing the target in midflight of a saccade. 19 It has been shown in nonhuman primates that saccade adaptation is driven by changes in activity of Purkinje cells in the cerebellar vermis. 20, 21 Abnormalities in other types of saccadic eye movements have been abundantly reported in studies on schizophrenia using a gapoverlap paradigm, antisaccades or memory-guided saccades, 3, 22, 23 but none of these studies has specifically addressed cerebellar learning. Recently, saccade adaptation was examined in patients with chronic schizophrenia with increased NSS 24 who showed reduced saccade adaptation. Eyeblink conditioning is another form of cerebellardependent motor learning. For eyeblink conditioning, the essential neuronal memory trace is stored in the cerebellar interpositus nucleus, and neuronal plasticity also occurs in the cerebellar cortex. 25 Eyeblink conditioning has been studied in patients with schizophrenia, yielding inconsistent and even conflicting results 26 demonstrating a large variation in eyeblink conditioning capacity in these patients, most likely owing to natural interindividual variation in eyeblink conditioning capacity within groups and to experimental differences and imperfections. To our knowledge, no studies until now have explicitly compared medicated and medicationfree patients with schizophrenia. Here we compare eyeblink conditioning among antipsychotic-free patients, patients using haloperidol or clozapine, and controls.
Although effects of psychopharmaceuticals on cerebellar function have received little attention, the cerebellum is known to receive serotonergic and noradrenergic afferents as well as cholinergic, dopaminergic and histaminergic projections. 27 Therefore antipsychotics affecting these neuromodulatory systems are also likely to influence cerebellar processing. It has been proposed that various neuromodulators influence different forms of cerebellar learning. 27 Based on their receptor profiles, various antipsychotics might differentially influence cerebellar learning. Haloperidol, for example, predominantly binds the dopamine D2 receptor, whereas clozapine binds receptors of various neurotransmitters. 28 However, a direct link between antipsychotics, neuronal activities in the cerebellum and behaviour is yet to be established.
The first aim of the present study was to assess the influence of schizophrenia on short-term cerebellar motor learning. The second was to investigate whether antipsychotics differentially affect this type of learning.
Methods

Participants
We recruited men with recent-onset schizophrenia aged between 18 and 35 years and age-matched controls for participation in our study. Among patients, the date of illness onset was defined either as the time of first occurrence of positive symptoms or as the time of occurrence of marked limitations in social or occupational functioning, if these latter problems were to show first. Owing to the methodological problems inherent in matching participants on variables such as education or intelligence in schizophrenia research, 29 we opted not to try to match the groups in terms of these variables.
All patients were or had been hospitalized in our department, and schizophrenia was diagnosed according to DSM-IV criteria. Diagnoses were made by clinical consensus among clinicians highly experienced working with patients with psychosis and were confirmed from case notes using OPCRIT criteria. 30 Patients with symptoms present for fewer than 6 months at the time of examination were reassessed after 6 months to comply with the DSM-IV criteria. We used the Positive and Negative Symptom Scale (PANSS) to assess symptom severity; 31 it was administered the day before or after testing. Exclusion criteria were psychiatric comorbidity; substance dependence; any history of serious head trauma; and neurologic, cardiovascular or respiratory disease.
Among patients, those in the antipsychotic-free group were required to be antipsychotic-naive or to be off antipsychotics for at least 4 weeks before participating in the study. We calculated chlorpromazine (CPZ) equivalents for each patient.
Not all participants were tested in both experiments. Participants first completed the eyeblink conditioning task and then the saccade adaptation task. The time between the experiments was about 45 minutes.
The experimental protocol was approved by the Erasmus MC medical ethics committee, according to the 1994 Declaration of Helsinki. All participants provided written informed consent.
angle) was displayed at 10° left of centre on a black screen. After a random interval (1.5-2 s), the dot disappeared and subsequently reappeared 10° right of centre, which evoked a saccade from left to right. In the 20 baseline trials, the dot stayed on the right side of the screen for about 1.5 s, before the next trial started. In the next 100 trials (adaptation phase), the dot on the right stepped 6° (i.e., 30.0% of the target displacement) to the left (backward), about 30 ms after the reflexive rightward saccade was initiated (Fig. 1A) . The (random) intertrial interval was between 0.5 and 1.5 s.
Participants were seated in a darkened room at about a 70 cm distance in front of a 21 inch computer screen covered with a red filter eliminating the monitor's light reflections. Head movements were restrained using a custom-made biteboard. We recorded binocular eye position using noninvasive infrared video-oculography (EyeLink 2.04, SensoMotoric Instruments) at a sample rate of 250 Hz. Eye position was calibrated with the built-in automatic routine.
For each participant and each trial, saccadic gain was defined as saccadic amplitude divided by target amplitude; a gain of 1 reflects a saccade amplitude of 20°. We calculated basic saccade characteristics (velocity, duration and gain) for the baseline saccades. Adaptation strength was defined as gain difference between the last 10 adaptation trials and baseline, divided by the theoretically expected difference (i.e., 30.0% of average baseline gain; an adaptation strength of 1 corresponds to 100% adaptation). Speed of adaptation was calculated by fitting a decaying natural exponential curve and reflected the number of adaptation trials needed to induce about one-third (1/e = 0.3679) of the final adaptation achieved after 100 trials (Fig. 1B) .
Eyeblink conditioning task
The eyeblink conditioning experiment in humans is described in detail elsewhere. 17 Briefly, we recorded eyelid movements with a magnetic distance measurement technique (Shebot system, www.neurasmus.com) measuring the distance between the upper and lower eyelid. Participants wore a headset with integrated movie viewing goggles and headphones to which an air puff nozzle was attached. The headset allowed free head movement and provided sound isolation from the environment. Air puffs (20 ms duration) were delivered onto the cornea of the right eye (lateral scleral conjunctiva), with an intensity evoking a single blink reflex (unconditioned stimulus [US]). Before the experiment, stimulus intensity was slowly increased until a single blink reflex was reliably obtained. We did not observe marked differences in sensitivity among the participants. The sound of the movie (background noise) and 650 Hz tones (conditioned stimulus [CS], 75 dB, 520 ms duration) were presented bilaterally through the headphones. While watching the movie, participants received 80 conditioning trials divided into 10 blocks. Each block contained 1 CS-only trial, 1 US-only trial, and 6 paired US+CS trials. In paired trials the air puff was presented with a delay of 500 ms after onset of the CS, so the 2 stimuli ended simultaneously (delayed eyeblink conditioning). Trials were delivered in random order within the blocks, separated by random intervals of 20-30 s. Blocks were separated by about 1 minute. The head-free recording situation and the movie minimized the interference of attention deficits or anxiety. For each trial, occurrence of an eyeblink was determined automatically and checked manually (for details, see Smit and colleagues 17 ). For each participant and block, the number of conditioned responses (CR; a blink made in response to the tone) was calculated. The rate of CRs per block was defined as the ratio between the number of CRs and the number of CS-only and paired trials (i.e., 7 per block). We defined a learning index as the difference in number of CRs between the first and the last block. 
Statistical analysis
We compared basic saccade characteristics (duration, amplitude and peak velocity) and saccade adaptation parameters (adaptation strength and adaptation speed) between patients with schizophrenia and controls using a t test for independent groups. A correction was made to the t statistic in the case of unequal variances (Levene test, p < 0.05). We analyzed the 3 subgroups of patients with univariate analysis of variance (ANOVA). We analyzed eyeblink conditioning using a mixed-model (group and blocks) repeated-measures ANOVA. We compared the learning index between controls and patients with schizophrenia using a Student t test and among the patient subgroups using univariate ANOVA. Degrees of freedom of all ANOVAs were Greenhouse-Geisser corrected.
Differences in psychopathology as measured by PANSS, age and level of education were analyzed using univariate ANOVA. We compared differences in CPZ equivalents using a t test for independent groups. Finally we performed a cross-correlation analysis (Spearman ρ), comparing all parameters with age, years of education, PANSS subscores and CPZ values. Error probability was predefined at p < 0.05 (2-tailed), and significance level was adjusted for multiple comparisons using Bonferroni correction where appropriate. We performed our analyses using PASW version 18.0 (SPSS 2010).
Results
Participants
We enrolled 39 men with recent-onset schizophrenia (mean illness duration 21.8 ± 16.2 mo, mean age 23.9 yr) and 30 agematched controls (mean 24.6 yr, t = 0.72, p = 0.47). Most patients had received psychiatric care only for a short time (median of 1 mo), and 75% of patients had received psychiatric care for fewer than 6 months before inclusion. Participant characteristics are summarized in Table 1 .
Among the patients with schizophrenia, 10 were taking clozapine, 16 were taking haloperidol and 13 were antipsychotic-free. Six of the 13 antipsychotic-free patients were antipsychotic-naive; the other 7 had been off antipsychotics for at least 4 weeks. These 7 patients had been treated previously with either aripiprazol (n = 1), haloperidol (n = 3) or risperidone (n = 3). One antipsychoticfree patient received lorazepam at the time of examination (Table 1) . No further medication was given.
Four controls participated only in the saccade adaptation task and 1 participated only in the eyeblink conditioning task. The remaining 25 controls completed both tasks. One patient receiving haloperidol participated only in the eyeblink conditioning task, and 1 patient receiving clozapine participated only in the saccade adaptation task. In all, 26 controls and 38 patients (13 antipsychotic-free, 16 haloperidol, 9 clozapine) participated in the eyeblink conditioning task, and 29 controls and 38 patients (13 antipsychoticfree, 15 haloperidol, 10 clozapine) participated in the sac cade adaptation task.
All participants had normal hearing, normal or correctedto-normal visual acuity and had no obvious oculomotor disturbances.
Illness-duration was not significantly different among the patient groups (30.6 mo in the clozapine group, 21.9 mo in the medication-free group and 16. 
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Saccade adaptation task
Basic saccade characteristics (peak velocity, duration and gain) did not differ between controls and patients (all p > 0.18) or among the 3 patient subgroups (all p > 0.20; Table 2 ). Baseline saccade gains did not differ between controls (mean 0.93 ± 0.04) and patients (mean 0.91 ± 0.05, t 65 = 1.86, p = 0.07) or among the patient subgroups (Table 2) .
Adaptation strength did not differ between controls (0.67 ± 0.16) and patients (0.67 ± 0.16, t 65 = 0.42, p = 0.97; Fig. 2A ). The univariate ANOVA revealed significant differences among the patient subgroups (F 2,35 = 3.47, p = 0.042, η 2 = 0.17). The Tukey post hoc test showed that the clozapine group had reduced adaptation strength compared with antipsychotic-free patients (p = 0.044).
The controls adapted significantly faster than patients (13.4 ± 8.3 v. 25.6 ± 24.1 trials, respectively, t 65 = 2.80, p = 0.007; Fig. 2B ).
The univariate ANOVA revealed no significant differences among the patient subgroups (F 2,35 = 1.95, p = 0.16, η 2 = 0.10).
Adaptation strength and speed did not correlate (ρ = 0.20, p = 0.11). Furthermore, no significant correlations were found between adaptation strength and speed or between age, years of education, PANSS (sub)scores and CPZ equivalents after Bonferroni correction for multiple comparisons (all ρ < 0.32).
Eyeblink conditioning task
Over the conditioning blocks, patients and controls showed a gradual increase in the number of CRs (Fig. 3) . In a preliminary analysis, a mixed-model repeated-measures ANOVA with all blocks as a within-subjects factor and group (patient v. control) as a between-subjects factor revealed significant main effects of block (F 6.5,394 = 23.01, p < 0.001, η 2 = 0.27) and group (F 1,61 = 11.34, p < 0.001, η 2 = 0.16), and a trend toward significant interaction (F 6.5,394 = 1.972, p = 0.06, η 2 = 0.31). In addition, the ANOVA with all blocks as a within-subjects factor and patient subgroup as a between-subjects factor showed a significant main effect of block (F 5.8,204 = 8.27, p < 0.001, η 2 = 0.19), but no effect of group ( No significant correlations were found between learning index and age, years of education, PANSS (sub)scores and CPZ equivalents after Bonferroni correction for multiple comparisons (all ρ < 0.27).
The learning index obtained in the eyeblink conditioning task mildly correlated with the adaption strength (ρ = 0.27, p = 0.039) but not with adaption speed (ρ = -0.21, p = 0.11) obtained in the saccade adaptation task when we considered all participants together. When we considered controls and patients separately, we observed a significant correlation between eyeblink conditioning learning index and adaptation strength in the control group 
Discussion
In the present study we used 2 experiments to investigate the cerebellar learning capacity of patients with schizophrenia. Compared with a group of controls, both medicated and medication-free patients showed deficits in saccade adaptation and eyeblink conditioning. We found no abnormalities in baseline saccade or eyeblink behaviour that could account for cerebellar learning deficits.
Saccade adaptation has only been studied recently in people with chronic schizophrenia. 24 Eyeblink conditioning has been investigated in people with schizophrenia with inconsistent results, most likely owing to large interindividual variation and methodological issues and differences. 26 In the present study both paradigms were examined in a homogeneous patient group with respect to sex, duration of illness and actual treatment. Thus, confounding effects of long-term use of medication are unlikely.
In contrast with our findings, Picard and colleagues 24 reported impaired saccade adaptation strength, but they observed no differences in adaptation speed in patients with schizophrenia. These differences might have resulted from differences in study population, design and analysis. Their study included 12 patients with schizophrenia with a mean duration of illness of 10.5 years, and all patients were using medication in considerable dosage (mean 645 CPZ equivalents). Their calculation of adaptation strength was not based on individual but on mean baseline gain, and adaptation speed was calculated using a repeated-measures ANOVA. We calculated a gradient reflecting the number of adaptation trials needed to induce about one-third (1/e = 0.3679) of the final adaptation.
In our study, adaptation strength did not differ significantly between patients with schizophrenia and controls, revealing no illness-specific deficit in patients. Differences in adaptation strength were found only among patient subgroups, which might suggest an effect of antipsychotics on cerebellar learning. Such effects may increase with higher doses, which might explain the difference between our findings on adaptation strength and those of Picard and colleagues. 24 We investigated a potential effect of antipsychotics on cerebellar learning by directly comparing 2 groups of medicated (haloperidol, clozapine) and medication-free patients with schizophrenia. Importantly, patients received no further neurotropic medication, except for 7 patients who used low-dose benzodiazepines. All patient groups, including the medication-free patients, showed similar learning impairments: a reduced number of CRs in the eyeblink conditioning paradigm and a reduced saccade adaptation speed. This indicates that the use of antipsychotics cannot account for all of the observed learning deficits. Haloperidol and clozapine do not appear to induce additional deficits in eyeblink conditioning or saccade adaptation speed. However, in compari son to medication-free patients, patients using clozapine reached lower saccade-adaptation strength. We find cerebellar motor learning deficits in patients with recent-onset schizophrenia either in the presence or absence of anti psychotic medication.
Previous studies on eyeblink conditioning in patients with schizophrenia have reported both normal and abnormal behaviour. 26 Our results are in agreement with those of Bolbecker and colleagues, 32 who included 13 medication-free patients showing significantly fewer CRs and earlier CR response latencies than controls. The authors also observed no effect of medication in eyeblink conditioning. Several earlier studies of eyeblink conditioning in medication-free patients with schizophrenia reported no deficits or even an increase in CR rate. 33, 34 Importantly, studies including only medicated patients 35, 36 all reported eyeblink conditioning deficits. Lubow 26 stated that poorer conditioning has only been found with medicated patients, whereas nonmedicated patients either showed better conditioning than controls or no difference. However, this should not be taken to mean that there is no difference between medicated and medication-free patients with schizophrenia, as none of these studies directly compared a substantial group of medication-free patients with patients using antipsychotics. In both studies comparing medicated and medication-free patients, 37 ,38 the number of medication-free patients was too small to permit a reliable statistical evaluation.
We did not observe differences in eyeblink conditioning between medicated and medication-free patients, possibly as a consequence of relatively low-dose antipsychotics. The relative homogeneity of our study population might explain the fact that we found an eyeblink conditioning deficit in medication-free patients, whereas most previous studies did not. The heterogeneity of symptoms classified under "schizophrenia" can induce variation in study populations. This might especially be the case for eyeblink conditioning data, known to show a great interindividual variation in general. Here interindividual variation is allegedly reduced by including only men with recent-onset schizophrenia. Possible effects of long-term use of antipsychotics was thereby avoided.
Methodological differences and imperfections of previous studies have led to a rather inconsistent picture of eyeblink conditioning in patients with schizophrenia. In agreement with the only other study directly comparing medicated and medication-free patients, 32 our data indicate that patients with schizophrenia show impaired eyeblink conditioning, irrespective of medication status.
Although we did not perform a study with a naturalistic design, we aimed to investigate potential effects of antipsychotics on cerebellar learning. Based on their receptor profiles, haloperidol and clozapine might affect cerebellar processing and/or learning in different ways. Haloperidol has a high affinity for dopamine D2 receptors, and a medium affinity for norepinephrine α1 and 5-HT2A receptors, 28 all of which have been suggested to be involved in cerebellar function and/or plasticity. 27 We did not find any significant differences in saccade adaptation or eyeblink conditioning between medication-free patients with schizophrenia and those taking haloperidol, suggesting that cerebellar functioning is impervious to low therapeutic doses of haloperidol. Patients taking clozapine did not show a significant difference in eyeblink conditioning or in saccade adaptation speed in compari son to medication-free patients, but they did show a significantly lower saccade adaptation strength. We could not find a correlation between clozapine dose and saccade adaptation strength. Clozapine has a high affinity to the dopamine D4 receptor and many other receptor types (e.g., 5-HT2A, muscarinic M1 and histamine H10 28 ), all of which have been connected to cerebellar function and/or plasticity. 27 Apart from the possibility of clozapine interfering with cerebellar plasticity directly, a second explanation for the additional deficit in patients taking clozapine could be that these patients belong to a subgroup with more severe deficits who are treated with clozapine when other antipsychotics are insufficiently effective.
A third explanation might be that clozapine is more sedative than haloperidol, which might lower vigilance, resulting in reduced saccade adaptation strength. However, both eyeblink conditioning and saccade adaptation are processes requiring no conscious awareness. Lowered vigilance as a leading cause for cerebellar motor learning deficits in our patients is unlikely, since no correlation was found between learning deficits and CPZ equivalents. The only previous study that specifically focused on a differential effect of antipsychotic medication on eyeblink conditioning 39 found no difference in eyeblink conditioning between patients using either haloperidol or olanzapine, an antipsychotic with a structural resemblance to clozapine. Likewise, we found no difference in eyeblink conditioning capacities between patients taking clozapine or haloperidol.
Although we did find a correlation between adaptation strength and eyeblink conditioning in healthy controls, this correlation was absent in our population of patients with schizophrenia. Although both saccade adaptation and eyeblink conditioning specifically depend on cerebellar plasticity, they differ in several aspects, such as form of learning, learned behavioural change, underlying neural circuitry and temporal characteristics of the learning process. These differences may account for the absence of a correlation between individual learning capacities in both paradigms. Another interesting finding was that in the eyeblink conditioning experiment the patients' percentage of correct CRs did not continue to increase until it attained the control level. In contrast, in the saccade adaptation experiment patients eventually did appear to attain the same saccade adaptation strength as the controls, though at a significantly lower speed. Although patients taking clozapine did not manage to reach the same saccade adaptation strength in 100 trials, they may have eventually reached a similar level of adaptation in a prolonged experiment. It has been demonstrated that, although quick saccade adaptation depends on intact cerebellar cortical function, monkeys remain able to slowly change saccade amplitude after cerebellar cortical structures involved in saccade adaptation are lesioned. 40 It is plausible that cerebellar deficits present in patients with schizophrenia might also be compensated for by other slower neural adaptation mechanisms.
To our knowledge, the present study is the first assessing saccade adaptation in patients with recent-onset schizophrenia. Investigating saccade adaptation has several benefits over other cerebellar motor learning tests. It specifically addresses cerebellar function; is quick, reliable and noninvasive; and shows less variance in outcome measures than eyeblink conditioning. This relatively small outcome variance could be valuable when searching for subtle deficits or medication effects. In our experiments, this is illustrated by the fact that we found an additional effect of clozapine in saccade adaptation, but not in eyeblink conditioning.
Based on theories of cerebellar structure and function, it is plausible that deficits in cerebellar learning are not limited to motor behaviour, but also extend to "higher" cortical pro cesses thought to be modulated by the cerebellum. [7] [8] [9] [10] [11] Although our findings imply a cerebellar deficit in patients with schizophrenia, its functional relevance remains up for debate. Recently it has been reported that eyeblink conditioning deficits in patients with schizophrenia can be reduced by administration of secretin, an endogenous neuropeptide involved in modulating cerebellar synaptic transmission. 41 It would be interesting to investigate whether secretin also reduces other cognitive symptoms of schizophrenia, such as time perception, working memory, verbal memory and sequence learning, that have been linked to cerebellar dysfunction.
Limitations
There are some limitations to our study. Patients were not randomized for treatment. Thus we cannot fully exclude that confounding variables associated with medication status may have influenced our results. Furthermore, we did not collect intelligence data in our participants. In previous studies no correlation between intelligence and eyeblink conditioning was found in patients with schizophrenia. 32, 36, 39 In addition, we did not find any correlation between years of education and any of our test results. Moreover, in both eyeblink conditioning and saccade adaptation, reflexive movements are adapted by subconscious processes, which require little or no "higher" cognitive input. In addition, to our knowledge, no correlation between saccade adaptation capacity and intelligence has been reported. Although our patient group was relatively homogeneous with respect to onset of illness and short use of medication, patients varied along the schizophrenia spectrum. The relatively small number of participants per subgroup may have concealed effects as a result of insufficient statistical power.
Conclusion
Cerebellar learning deficits in patients with schizophrenia cannot be attributed to the use of antipsychotics. The fact that the deficits are already present in patients with recentonset schizophrenia and are not influenced by medication could suggest that cerebellar impairments are a trait deficit in these patients. However, this has to be confirmed in longitudinal studies.
